The aim of this study is to determine which short versions of the Balance Evaluation System Test (BESTest), S-BESTest, Brief-BESTest and Mini-BESTest, are most appropriate for assessing balance impairments in patients with subacute stroke. Participants were patients with subacute stroke: 12 in the reliability assessment and 70 in the validity testing. Patients were assessed using 3 short-form BESTests. All short-form BESTests demonstrated excellent reliability and excellent validity, but the S-BESTest demonstrated better accuracy in identifying patients with subacute stroke who had balance improvement using the cutoff score of 6 points. These findings suggest that the S-BESTest is a shortform BESTest that is appropriate for assessing balance impairments in patients with subacute stroke.
P ostural control involves complex co-operation between several systems to maintain the centre of body mass above its base of support (postural equilibrium) and to control body alignment with reference to itself and the environment (postural orientation). These systems include musculoskeletal components and neuromuscular synergies, individual sensory systems and sensory strategies, internal representations, adaptive and anticipatory mechanisms (1) . One problem commonly found in individuals post-stroke is postural control or balance impairment. This balance problem can be related to impairment in each postural control system; for example, prolonged anticipatory reaction time during affected side stepping (2) , diminished and delayed adaptive responses on the affected side (3) (4) (5) , and abnormal sensory integration (6) . To assess balance impairments in patients with stroke, the Berg Balance Scale (BBS), a 14-item functional balance test, is commonly used as a gold standard (7) . Although the BBS is useful in reporting the presence of balance impairments, it cannot specify which system of postural control is impaired.
The Balance Evaluation System Test (BESTest) is a clinical scale developed to assess the systems of postural control through 6 domains: biomechanical constraints, stability limits/verticality, anticipatory postural adjustments, postural responses, sensory Mini-BESTest) and the original BESTest in patients with subacute stroke. To reduce the learning effect and recall bias of the assessor due to repeated scoring, the original BESTest was administered to each patient and scores of 3 shortened versions of the BESTest were extrapolated from the BESTest scores.
METHODS

Participants
Twelve patients with subacute stroke were recruited from departments of physical therapy at Lerdsin Hospital in Bangkok, Thailand for assessing the reliability of the scales. The sample size calculation was estimated from a power of 0.80 and alpha level of 0.05. A null intraclass correlation coefficient (ICC) of 0.60 and expected correlation coefficients of 0.93 were determined by a previous study (20, 21) . The inclusion criteria were: diagnosis of a first unilateral hemispheric stroke, onset within 4 months, stable vital signs, and ability to follow instructions. Participants were excluded if they had any neurological disorder other than stroke, unstable epilepsy, lesion at the brainstem involving sleep-wake and respiratory control centres or cerebellum, cerebral aneurysm, visual problems that have not been resolved with glasses, and cognitive impairment as measured by the Mini-Mental State Examination (MMSE score ≤23) (22, 23) .
Another 70 patients were recruited at the same hospital for the assessment of validity and responsiveness using similar inclusion and exclusion criteria. Sample size calculation was based on a power of 0.80, alpha level of 0.05, correlation coefficient (r) of 0.78 and an expected correlation coefficient of 0.8 (21) . Since the level of functional ability influences the recovery process, to ensure that this study represents sufficient low and high level of functional ability, the lower extremity motor function domain of the Fugl-Meyer Assessment (FM-LE) was used to classify the subjects into 2 functional level groups (35 patients in each group) for recruitment purposes. A FM-LE score of 0-14 was classified as low functional ability and a score of higher than 14 was classified as high functional ability (24) . The Institutional Review Board of Lerdsin Hospital (number 0306/13/127) approved the study protocol and all patients gave written consent prior to participation.
Data collection
Prior to the tests, all raters were first trained to score healthy subjects, and then patients with stroke. The reliability was assessed through videotape rating to ensure consistency of performance and reduce the error from movement variability. Validation for using the videotapes was first determined by one physical therapist who had 10 years of experience in stroke rehabilitation. This rater scored the patient's performance both at the time of the test and also at 7 days later from videotape to confirm that the results from concurrent scoring and videotape scoring were not different. Intra-rater and inter-rater reliability were later assessed using 5 physical therapists: 3 from Lerdsin Hospital, with stroke rehabilitation experience of 1, 5, and 10 years, respectively and 2 PhD physical therapy students. 5 raters scored each patient's performance from videotape on 2 separate occasions within 7 days. Each rater did not discuss scoring among themselves and scored the patients' performance on separate scoring worksheets on each occasion. Intra-rater reliability of total scores and domain scores were determined orientation, and gait stability. The BESTest has been validated to assess postural control impairments in various populations (8) (9) (10) (11) . In individuals with subacute stroke, the BESTest showed excellent intra-rater and inter-rater reliability as well as significant correlation with the BBS, Postural Assessment Scale for Stroke (PASS), and Community Balance and Mobility scale (CB&M) suggesting concurrent validity (12) . With high sensitivity (80.8%), specificity (87.5%) and post-test accuracy (84%), the BESTest demonstrated precision in specifying patients with stroke who have balance improvements, using a 10% increase in score as an indicator (13) . The BESTest showed an advantage over other balance assessment tools in patients with stroke when it did not have floor or ceiling effects, but the long administration time (35 min) can limit its practicality in the clinic.
Two short versions of the BESTest, which can reduce the assessment time are currently available. The brief-BESTest, which contains only 6 items, one for each domain of the BESTest, was validated in patients with chronic stroke, but has not been validated in patients with subacute stroke (14, 15) . The Mini-BESTest is another short version, which deletes the first and second domains of the BESTest to evaluate the dynamic component of postural control (16) . The Mini-BESTest showed excellent internal consistency for communitydwelling patients with chronic stroke as well as excellent reliability and concurrent validity in patients with subacute stroke (12, 17) . However, the Mini-BESTest had a floor effect in patients with subacute stroke who had low functional ability during day 27 through day 94 (12) , limiting its use in this group of patients.
The S-BESTest is our newly developed short version of the BESTest for patients with subacute stroke aiming to reduce the assessment time and floor effect while retaining all domains of the BESTest. Using Rasch analysis partial credit model to reduce the items (18) , the S-BESTest contains 13 items (total 39 points) using a similar scoring system as the original BESTest (see Table I for comparison of the original and 3 shortened BESTest). The construct validity of the S-BESTest was confirmed by performing hypothesis testing on the known group (19) , but other psychometric properties of the S-BESTest, such as reliability, validity, floor and ceiling effect, and responsiveness have not been assessed. Therefore, it is unclear which short version of the BESTest is most appropriate, in terms of having highest responsiveness and lowest floor/ceiling effect, for assessing patients with subacute stroke. This study, therefore, aimed to compare the reliability, validity, floor and ceiling effect and responsiveness of 3 shortened versions of the BESTest (S-BESTest, the Brief-BESTest, the by comparing the score of time 1 and time 2 for each rater. The S-BESTest and Brief-BESTest scores were extracted from the relevant subset of the BESTest items. As scoring scale of the Mini-BESTest was different from other BESTest versions (Table  I) , the reliability of the Mini-BESTest was assessed separately 1 month later to prevent recall bias by using the same videotape and repeated in 7 days.
For the assessment of validity and responsiveness, 70 patients with stroke who were referred to physical therapy at Lerdsin Hospital were assessed using the BESTest and BBS 3 times: at baseline, at 2 weeks and at 4 weeks after rehabilitation. This allowed for comparison of psychometric properties across time. Baseline demographic and clinical information was gathered from the patients and charts. Before testing, vital signs were monitored to ensure stable medical status. A single therapist administered the BESTest before the BBS on all 70 patients at 3 time-points. The scoring methods of the S-BESTest, Brief-BESTest and Mini-BESTest were similar to those employed in the reliability section. A 15-point Global Rating of Change (GRC) where -7 indicates a very great deterioration, +7 indicates a very great improvement and 0 indicates no change, was also administered to the patient. Patients independently rated the overall change (using GRC criteria) in their balance performance at 2 weeks and at 4 weeks after rehabilitation (25) . All patients received the same verbal instruction and were allowed to rest as long as they required. Patient's performance was videotaped for further review and analysis. Total assessment time was approximately 1.5 h. If the test could not be completed in 1 day, it was continued on the next day.
Data analysis
The correlations between the scores from the test and videotape were examined using the Spearman rank-order correlations. Correlation coefficients of 0.80 or higher indicated excellent correlation, 0.50-0.79 indicated moderate correlation, and 0.00-0.49 indicated poor correlation (26) . Intra-rater and inter-rater reliability were calculated using ICC model 3, k . The intra-rater and inter-rater reliability of the total score and domain score of the 3 short-form BESTests were excellent (ICC = 0.86-0.99) (Tables II and III) .
Concurrent validity and floor-ceiling effect
Demographic and clinical characteristics of 70 patients with subacute stroke selected for the validity and responsiveness study are presented in (20, 27) . The concurrent validity of the S-BESTest, Brief-BESTest and Mini-BESTest was assessed with the BBS using the Spearman rank-order correlations. Floor and ceiling effect of S-BESTest, Brief-BESTest, Mini-BESTest, and BESTest were calculated as the percentage for minimum or maximum possible scores of the sample scoring, respectively. Floor and ceiling effects greater than or equal to 20% were interpreted as significant (28) . Comparisons of balance scores between baseline and 2 weeks post-rehabilitation and between 2 and 4 weeks post-rehabilitation were analysed using paired t-test with significance level p < 0.05.
Internal and external responsiveness of the S-BESTest, Brief-BESTest, Mini-BESTest, and BESTest were assessed. Internal responsiveness refers to the possibility of detecting any change before and after a known treatment. Internal responsiveness was examined using the standardized response mean (SRM) and minimal detectable change (MDC) (29, 30) . SRM of 0.8 or greater represented a large change, values from 0.5 to 0.8 represented moderate change, and values of 0.2-0.5 represented small change. MDC was calculated as the standard error of the mean (SEM) multiplied by 1.96(√2) (29, 30) . SEM was calculated as standard deviation (SD) multiplied by √(1-reliability). The limitation of internal responsiveness is that it lacks information on the quality of changes, such as worsening or improvement (31) .
In contrast, external responsiveness is associated with the concept of clinical relevance, which depends on the choice of external standard (32) . In this study, 2 external standard scales, the BBS and the GRC were selected to compare between the change in performance and patient's own perception. External responsiveness was assessed by using receiver operator curve (ROC) analysis to establish which version of the BESTest could best identify patients whose balance had improved using a change in BBS score of 7 points as the milestone value for deciding if change had occurred (33, 34) . The area under the curve (AUC) value was used to reflect this. The AUC values were compared across test versions using a t-test and significance level of 0.05. The ROC analysis was repeated using the change in GRC (5 points) (25) . The AUC was used to interpret the probability of correctly discriminating between patients with and without balance improvement (29) . An AUC of 0.8 or greater indicated excellent discrimination (27) . Paired t-test was used to compare the AUC between 2 testing scales with significance level at p < 0.01. A likelihood ratio demonstrates accuracy of post-test probabilities; values of LR+ above 5 and values of LR-below 0.2 were considered meaningful (27) . The optimal cut-off score was also chosen from the sensitivity and specificity (27) . All intraclass correlation coefficient (ICCs) were significant, with p-value of < 0.001. 95% CI: 95% confidence interval.
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Internal responsiveness
After 2 and 4 weeks of rehabilitation, the majority of patients showed improvement of balance performance as demonstrated by significant increases in total scores of the S-BESTest, Brief-BESTest, Mini-BESTest, and BESTest (Table VI) . Those score changes were larger during 0-2 weeks than 2-4 weeks in all BESTest versions, indicating larger recovery at 0-2 weeks. The number of patients who had no change in score post-rehabilitation was seen only when assessing with the BESTest. The highest number of those who had no change in score was found when using the Brief-BESTest at 2-4 weeks post-rehabilitation. The SRM of the S-BESTest, Brief-BESTest, Mini-BESTest, and BESTest were large, ranging from 1.19 to 1.57, indicating sufficient internal responsiveness. Minimal All intraclass correlation coefficient (ICCs) were significant, with p-value of < 0.001. 95% CI: 95% confidence interval. detectable change at 95% confidence interval (95% CI) (MDC 95 ) of the S-BESTest, Brief-BESTest, and Mini-BESTest measured at 0-2 weeks were comparable to those measured at 2-4 weeks, except the MDC 95 of the BESTest at 0-2 weeks was higher than that at 2-4 weeks.
External responsiveness
The external responsiveness using the BBS as reference is shown in Table VII . MCID of all BESTest versions at 0-2 weeks were higher than at 2-4 weeks, indicating larger recovery at 0-2 weeks. The AUC of the S-BESTest and BESTest were significantly higher than the Brief-BESTest and Mini-BESTest, reflecting better accuracy of the S-BESTest and BESTest in identifying patients with subacute stroke who had balance improvement using the proposed MCID (Fig. 1) . This was also supported by higher post-test accuracy (80% or more) and meaningful LR+/LR-of the S-BESTest and BESTest. Table VIII shows the external responsiveness, using the GRC as reference. It can be seen that the AUC values using the GRC as reference were lower than AUC values calculated by using the BBS as reference. None of the AUC using the GRC as reference showed excellent discrimination to identify patients with subacute stroke who had balance improvement (< 0.8). The proposed MCID was varied among all BESTest versions with low post-test accuracy, especially at 2-4 weeks, and the LR+/LR-fell outside of the acceptable range. These results indicated that the MCID using the GRC as reference had low accuracy in correctly identifying patients with subacute stroke who have balance improvement. 
DISCUSSION
This study compared the reliability, validity and responsiveness of 3 different short versions of the BESTest (S-BESTest, the Brief-BESTest and the Mini-BESTest) with the original BESTest in patients with subacute stroke. Our findings showed that all short forms of the BESTest were reliable and valid in this group of the population, but only the S-BESTest demonstrated no significant floor-ceiling effect with high external responsiveness in accurately identification of balance improvement similar to the original BESTest, suggesting that the S-BESTest was more appropriate as a short version of the BESTest for assessing postural control in patients with subacute stroke. Excellent intra-rater and inter-rater reliability of the S-BESTest, the Brief-BESTest, and the Mini-BESTest in patients with subacute stroke were consistent with a previous study in people with balance disorders, including patients with subacute stroke (12) . In patients with subacute stroke, excellent concurrent validity of the S-BESTest, Brief-BESTest, Mini-BESTest and original BESTest with the BBS, the clinical gold standard of balance tests, suggest that all versions of the BESTest assess the same balance constructs as the BBS. Our finding of a strong correlation between the BESTest and the BBS (r = 0.96) was also in agreement with previous findings (12) .
This study confirmed that the original BESTest had no floor and ceiling effect similar to those reported in the previous studies (12) . Although the S-BESTest did not reach significant floor effect (<20%), the magnitude of floor effect at baseline of the S-BESTest was still high (18.6%) compared with the original BESTest (5.7%), suggesting that the original BESTest outperformed other shortened versions, including S-BESTest, Brief-BESTest and Mini-BESTest. We recommended the use of original BESTest in assessing balance impairment in patients with subacute stroke when there is no time constraint. However, when there is the need for reducing assessment time or the need to identify patients with balance improvement, the S-BESTest is the most appropriate choice for balance assessment in patients with subacute stroke. In contrast, the Brief-BESTest and the Mini-BESTest may be more suitable for assessing postural control in patients with chronic stroke, as previous studies found no floor effect in patients with chronic stroke using the Brief-BESTest and the Mini-BESTest (15, 17) . The floor effect of the Brief-BESTest and Mini-BESTest in subacute stage may be due to the fact that these 2 scales contain items that are more difficult for patients with subacute stroke to perform. For example, the items of compensatory stepping correction in a backward direction, standing with eyes closed on a foam surface and walking with pivot turn showed no change in score when measured at 0-2 weeks. A previous study showed that protective steps in a backward direction require more supraspinal control than protective steps in a forward direction; thus, this backward protective mechanism could be more impaired in patients with stroke (35) . In the same way, patients with stroke showed larger postural sway velocity while standing on foam with eyes closed, compared with other conditions of sensory orientation testing (36) .
The S-BESTest, the Mini-BESTest, the Brief-BESTest, and the BESTest demonstrated good internal responsiveness (large SRM), suggesting all 4 versions of the BESTest were sensitive in detecting the effectiveness of rehabilitation in subacute stroke. Results regarding acceptable SRM were in accordance with previous studies on psychometric properties of the BESTest in patients with subacute and community-dwelling stroke (13, 15, 17) . However, when considering the external responsiveness using the BBS as the reference, our study showed that only the S-BESTest and the original BESTest demonstrated higher accuracy in identifying the patients with subacute stroke who had balance improvement with the mean MCID of 6 and 16 points, respectively. Better external responsiveness of the S-BESTest in the patients with subacute stroke, compared with the Brief-BESTest and the Mini-BESTest, may be due to the fact that the S-BESTest was developed specifically for patients with stroke. With 13 items that preserve all 6 domains of the original BESTest, the S-BESTest is likely to be better at representing impairments and activity limitations of patients with stroke than the other short forms of the BESTest. For example, patients with stroke demonstrated larger mediolateral postural swaying than healthy subjects, while antero-posterior swaying was similar between the groups (37). The item "functional reach lateral on non-paretic side" was therefore included in the S-BESTest to represent the impairment of the paretic trunk muscles to maintain posture when reaching toward the non-paretic side, whereas the brief-BESTest contains the item "functional reach forward". Another example was the item "rise to toes", which was included in the S-BESTest. This item can capture another common problem in stroke, where impairment of tibialis anterior would limit its anticipatory action, leading to inability to perform rise to toes in patients with stroke (38) .
Although previous studies reported a high recovery rate in the lower extremity at 1-4 weeks post-stroke and a plateau phase of recovery after 6 months with smaller score changes (39, 40) , this study found that internal responsiveness and external responsiveness (using BBS as reference) were lower at 2-4 weeks compared with the first 2 weeks post-rehabilitation. The larger recovery occurring in the first 2 weeks post-rehabilitation could be due to the spontaneous recovery of body functions from cerebrovascular injury, such as reduction in inflammation and swelling in the brain, which occurs intensively during the first few weeks post-stroke, together with the body adaptation from rehabilitation (39, 40) . We also demonstrated that the minimal clinically important difference (MCID) of the S-BESTest, the Brief-BESTest, the Mini-BESTest, and the BESTest calculated using the BBS score change was more accurate than those calculated using the GRC score change. The GRC score was obtained from patient's perception that may result in underestimation or overestimation from recall bias, personal experiences and the ability to understand the context of improvement (33) .
This study has several limitations concerning generalization to different cluster groups and location. The S-BESTest was developed from patients with stroke who were able to stand independently for at least 3 s. This scale should be investigated further in patients who are unable to stand or dependence in standing. Total assessment time for each patient was approximately 1.5 h. Such lengthy assessment may lead to fatigue of individual, which may interfere with test results, but the administration of the S-BESTest in a clinical setting will be free of fatigue due to shorter assessment time. Moreover, the clinician should be aware that the method of scoring the shortened version of the BESTest in this study may not be the same as that in real practice, as we extracted the scores of shortened versions of the BESTest from the scores of the full BESTest. Lastly, the responsiveness of our study was carried out for a duration of 4 weeks post-rehabilitation, when the recovery process is still occurring although slowly. It will be useful to determine the MCID for the later phase of the recovery period.
In conclusion, all 4 versions of the BESTest, the S-BESTest, Brief-BESTest, Mini-BESTest and BESTest, had excellent reliability, high concurrent validity with the BBS in patients with subacute stroke and high internal responsiveness. However, only the S-BESTest demonstrated no significant floor-ceiling effect and high external responsiveness to identify balance improvement similar to the original BESTest. Therefore, the S-BESTest is a short version of the BESTest that is appropriate for use in assessing postural control impairments in patients with subacute stroke.
